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ABSTACT 
The ultrasonic quantitative nondestructive evaluation (NDE) of 

graphite/epoxy composites is difficult due to the inherent inhomogenity of the 

material. An examination technique must discriminate between inherent 

scattering centers in an undamaged region and the scattering centers due to 

defects or damage. Two nondestructive techniques which can make this 

distinction are used to image and quantify the extent of damage resulting from 

a low energy impact. These results are then compared with a destructive 

technique. The first NDE technique, polar backscatter, employs a non-zero 

polar angle insonifying method to reduce specular reflection from the surface 

of the sample; the return signal is processed to determine the energy 

backscattered from a particular depth in the sample. 

uses a normal incident ultrasonic beam; the entire backscattered wave is then 

signal processed to detect the presence of subsurface scatters and their 

respective depth in the sample. Both NDE methods are subsequently correlated 

with a destructive technique, the deply method. Both the qualitative and 

quantitative results between the methods are excellent. For the depth of 

material accessible by the polar backscatter method, the agreement is 

excellent with a correlation coefficient of 0.88 for a comparison of impact 

damage area determined by the deply method. A similar comparison with the 

signal processing method yields a correlation coefficient of 0 . 9 .  

The second NDE technique 
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The nondestructive detection and evaluation of impact damage in 

structures fabricated from graphite/epoxy composite material is important to 

the use of these materials in the aerospace industry. Low energy impacts on 

these materials will typically leave no visual damage at the impact site, but 

can result in internal damage. The objective of the work presented here is to 

demonstrate quantitative "DE techniques for assessment of impact damage in 

graphite/epoxy composite by comparison with a quantitative destructive 

measurement. Portions of this work have been previously reported [1,21. 

One approach to the nondestructive evaluation of inherently inhomogeneous 

materials makes use of quantitative images based on ultrasonic backscatter131. 

A typical pulse-echo measurement is performed with the insonifying beam 

incident perpendicular to the specimen surface (a polar angle of zero 

degrees). Perpendicular insonification in an immersion measurement system 

results in a large specular reflection due to the acoustic impedance srtismatch 

at the fluid/composite interface. This specular reflection may dominate the 

ultrasound backscattered from features of interest within the specimen. We 

note that effects of the large specular reflection on the backscattered 

signal. can be significantly reduced by insonifying at non-perpendicular 

incidence (i-e., at a non-zero polar angle). A n  early application of this 

technique was used by Brown [ 4 ]  in an investigation of the effects of fatigue 

in carbon fiber reinforced plastics. Brown's "dark-field" technique of 

insonifying at a non-zero polar angle was motivated by some observations on 

scattering by Bhatia[S]. A significant extension of the "dark-field" technique 

for anisotropic or quasi-isotropic materials such as fiber reinforced 

composites was independently introduced by Bar-Cohen and Crane[6]. This "polar 

backscatter" technique uses the fact that signals from cylindrical structures 

such as fibers are maximum when the insonifying beam is perpendicular to the 

long axis of the fiber, and falls substantially as the angle of insonification 

changes from perpendicular. Thus, the backscatter at a fixed polar angle 

exhibits a distinct, systematic azimuthal variation, with sharp peaks in 

backscatter that occur where the insonifying beam is perpendicular to any Of 
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t h e  p r i n c i p a l  f i b e r  o r i e n t a t i o n s  i n  t h e  composite. 

I n  a previous paper from t h e  Washington Univers i ty  group[7],  q u a n t i t a t i v e  

images of p o l a r  backsca t t e r  w e r e  used t o  i n v e s t i g a t e  impact and f a t i g u e  damage 

i n  t h i n  g raph i t e  f i b e r  re inforced  laminates.  I n  t h a t  study, images of p o l a r  

backsca t t e r  w e r e  obtained with t h e  azimuthal angle  of i n s o n i f i c a t i o n  

perpendicular  t o  each of t h e  fou r  f i b e r  d i r e c t i o n s  present ,  so t h a t  each image 

was s e l e c t i v e l y  s e n s i t i v e  t o  s c a t t e r e r s  ( f i b e r s  and damage) o r i e n t e d  along the  

s p e c i f i c  fiber d i r e c t i o n s .  The r e s u l t s  suggest  t h a t  low v e l o c i t y  impact 

r e s u l t s  i n  more damage i n  laminae f u r t h e s t  from t h e  side impacted, with damage 

i n  a s p e c i f i c  lamina o r i en ted  along t h e  f i b e r s  i n  t h a t  lamina. The f ind ings  

presented  here  w i l l  f u r t h e r  confirm t h e s e  e a r l i e r  i n v e s t i g a t i o n s .  

Another approach t o  t h e  nondestruct ive eva lua t ion  of composites involves  

t h e  a c q u i s i t i o n  of t h e  e n t i r e  u l t r a son ic  wave t h a t  is  backsca t te red  from t h e  

sample. The basic approach is s imi l a r  t o  t h e  pulse-echo measurement performed 

i n  a l i q u i d  ba th .  In  t h e  usua l  method t h e  received wave is  pre-processed t o  

measure t h e  group ve loc i ty ,  magnitude, o r  frequency content  and a s i n g l e  

number is  r e t a i n e d  t o  describe t h e  response of t h e  material a t  t h a t  l oca t ion .  

In c o n t r a s t ,  t h e  method employed here d i g i t i z e s  t h e  e n t i r e  backsca t te red  wave 

so a s  t o  inc lude  t h e  f r o n t ,  i n t e r n a l  and back su r face  r e f l e c t i o n s .  The 

d i g i t i z e d  wave form is  s t o r e d  f o r  post-processing. The d a t a  conta ins  a l l  t h e  

information necessary t o  c a l c u l a t e  t h e  usua l  parameters such as a t t enua t ion  

and v e l o c i t y .  I n  add i t ion  using s igna l  process ing  techniques t h e  i n t e r n a l  

s c a t t e r e r s  i n  t h e  m a t e r i a l  can be de tec ted  and d isp layed .  The aspec t  of t h e  

work presented  here  w i l l  concentrate  on t h e  q u a n t i t a t i v e  determinat ion of t h e  

i n t e r n a l  scatterers a s  a func t ion  of depth i n  t h e  ma te r i a l .  

The d e s t r u c t i v e  eva lua t ion  technique known a s  deply, developed by one of 

t h e  au thors ,  S.M. Freeman(61, permits t h e  c h a r a c t e r i z a t i o n  of impact damage a t  

every in te r laminar  i n t e r f a c e .  In t h i s  technique t h e  impact zone i s  s a t u r a t e d  

with a s o l u t i o n  of AuC1, which penet ra tes  i n t o  t h e  regions of mat r ix  cracking 

and delaminat ions formed by t h e  impact. The composite is  then  heated t o  

p a r t i a l l y  pyrolyze t h e  r e s i n  m a t r i x  and thus  allow t h e  lamina by lamina 

sepa ra t ion  of t h e  laminate.  T h e  damage a t  each i n t e r f a c e  is h igh l igh ted  by 
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gold left at the damage site. This allows the characterization of the area, 

orientation, and shape of the damage as a function of depth. The types of 

damage that can be imaged by this method include delaminations, fiber fracture 

and matrix cracking. The work presented here will concentrate on quantitative 

imaging of impact generated delaminations. 

The samples examined were fabricated and impacted at Lockheed-Georgia. 

They were subsequently sent to NASA Langley for the digitization procedure and 

to Washington University for the polar backscatter ultrasonic inspection. 

Following the nondestructive evaluation they were returned to Lockheed-Georgia 

for the deply inspection procedure. In this report, the impact samples will be 

described first followed by the results of the deply procedure. The polar 

backscatter technique will be presented next, followed by the results of the 
digitization technique. Included in each ultrasonic section is the comparison 

between the destructive and nondestructive techniques. 

Two test panels, 6.0 x 10.0 inches, were removed from a 16-ply 

graphite/epoxy laminate fabricated from Hercules AS4/3502 prepreg tape. The 

stacking sequence for this laminate was 

[0"/+45"/-45 "/902'/-45 " /+45"/0"1~ 

and consisted of 13 laminae with a possibility of 12 locations for 

InterLaminar Delamination (ILL). A lamina is defined as contiguous and 

similar ply orientations. The panels were ultrasonically 'C' scanned to 

verify the absence of damage before impacting. 

T h e  panels were mounted in a special test fixture that provided vertical 

boundary supports spaced 3 . 0  inches apart. Two sites were impacted on each 

panel using a 0.5 inch diameter aluminum ball fired from a compressed air gun 

at a velocity of 150 feet per second. The end of the gun barrel was 

positioned 5 inches from the panel surface. Ball velocity was measured by two 

sensors spaced 6 inches apart on the gun barrel. For each panel both impact 

sites were between the same vertical boundary supports. The impacted side 
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will be identified as the front surface for the purposes of clarity in the 

analysis. The impact sites were subsequently subjected to TBE 

(tetrabromoethane) enhanced x-ray radiography to verify that damage was 

present. The panels were then baked at 150F for 2 hours to remove the TBE. 

The deply inspection procedure consists of the application of a matrix 

damage marker solution to the graphite-epoxy panel followed by a partial 

pyrolysis of the resin matrix, unstacking the laminae, examination of the 

laminae, and damage or defect quantification. 

Application of Marker Solution 

A solution of gold chloride in diethyl ether (9.0% by weight gold) was 

applied to the composite face opposite the point of impact. There must be a 

pathway, even microscopic, that connects the damage area to the surface or 

edge of the composite to allow penetration of the marker solution. A dam of 
vacuum bag putty, with a mylar cover was used to keep the solution in contact 

with the composite for about 60 minutes. Following the soak interval, the 

excess gold solution was removed and saved for recycling. The panels were 

heated to approximately 150F to remove the solvent before proceeding with the 

pyrolysis. 

Pyrolysis 

Segments of the graphite-epoxy composite containing the impact damage were 

placed on a stainless steel wire mesh holder and inserted into a zone of a 

tube furnace maintained at 785F for 70 to 100 minutes. Following completion 

of the pyrolysis period the segments were removed from the furnace and 

allowed to cool. All segments were sufficiently pyrolyzed after 90 minutes to 

be suitable for unstacking. 
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Unstacking 

The segments were carefully removed from the holder and placed on a work 

table. Each lamina of a segment was reinforced with transparent tape, lifted 

from the the segment and stored in a small container. Normally the laminae 

are mounted on a worksheet with a piece of double-coated tape; however, these 

laminae were left unmounted to facilitate damage quantification. When 

unstacked in this manner the laminae were "flipped" so that the surface for 

observations was that of the "bottom surface" of the lamina just removed, or 

expressed in another way, the view was that of the "top half" of the 

interlaminar location. If one compares the gold marked area on the "bottom 

surface" of the lamina just removed with the gold marked area on the "top 

surface" of the remaining segment one observes that one area is mirror image 

of the other. Care was exercised at this point to avoid touching the exposed 

surface of the lamina, as this will sometimes blur the very small matrix 

crack indications that can be just a fraction of a millimeter in width and 

not readily apparent to the unaided eye. Figure 1 shows a typical view of 

gold marked impact damage. 

Examination of Laminae 

The most important requirement for observing the surface of a lamina for 

fiber-bundle fracture, matrix cracking indications and delaminations is 

proper illumination. Of course, some of the gross damage indications can be 

seen with makeshift lighting, but not the finer details. Fiber fracture is 

best observed with fluorescent light impinging at 90 degrees to the fiber 

direction. The optimum illumination for gold chloride marked matrix damage is 

a high intensity light impinging on the lamina surface parallel to the fiber 

direction. For observing fiber-bundle fracture, small areas of delamination, 

and matrix cracking indications, a binocular microscope with a magnification 

range of approximately 7X to SOX is ideal. 
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Damage Q u a n t i f i c a t i o n  

The a r e a  of delamination f o r  each in te r laminar  l o c a t i o n  a t  each impact 

site w a s  determined with an image analyzer using a macro-viewer l ens .  The 

o r i e n t a t i o n  of t h e  damage with respect  t o  ad jacent  f i b e r  o r i e n t a t i o n  w i l l  be 

d iscussed  i n  t h e  next s ec t ions .  The d i s t r i b u t i o n  of t h e  delaminat ion s i z e s  

through t h e  th ickness  of t h e  laminate can be r e a d i l y  v i s u a l i z e d  when t h e  

deply determined area  f o r  a s i n g l e  impact site versus in t e r l amina r  l oca t ion  

is  p resen ted  i n  a histogram format i n  f i g u r e  2. In te r laminar  l o c a t i o n  1 on 

t h e  his togram is  adjacent  t o  t h e  impacted ( f r o n t )  side of t h e  panel .  Also 

included i n  the  f i g u r e  is t h e  p l y  o r i en ta t ion  of t h e  corresponding lamina. 

The t r e n d  of increased  damage opposite t h e  impacted f a c e  has been 

previous ly  repor ted  [7,8,13]. In  th in  f l e x i b l e  p l a t e s  such a s  t h e  specimens 

i n  t h i s  s tudy,  t h i s  t r e n d  has been i n t e r p r e t e d  i n  terms of p l a t e  bending 

stesses[l41. Thicker less f l e x i b l e  composite laminates  may e x h i b i t  l o c a l  

subsurface damage more proximal t o  t h e  impacted f a c e l l 4 1 .  

od: Po la r  B a c m  

Each of t h e  fou r  impact sites was i nves t iga t ed  us ing  t h e  p o l a r  backsca t te r  

technique.  The experimental  procedure was s i m i l a r  t o  t h a t  used i n  a previous 

s tudy[7] .  Four scans w e r e  obtained of each impact s i te .  The scans 

corresponded t o  s e l e c t i v e  in t e r roga t ions  perpendicular  t o  each of t h e  four 

f i b e r  o r i e n t a t i o n s  present  i n  these  samples. The panel  being inves t iga t ed  was 

mounted on a motorized platform immersed i n  a water bath,  with t h e  back 

s u r f a c e  f a c i n g  t h e  in t e r roga t ing  t ransducer .  The (po la r )  angle  of incidence 

was chosen t o  be 30° f o r  a l l  scans i n  t h i s  work. This p o l a r  angle  i s  greater 

than  t h e  c r i t i c a l  angle  f o r  quasi- longi tudinal  wave t ransmiss ion  i n t o  an 

a n i s o t r o p i c  half-space f o r  any azimuthal angle  of incidence a s  determined 

from slowness su r faces  based on the  e l a s t i c  cons t an t s  f o r  

graphite-epoxy[9-11]. Consequently, i n t e r r o g a t i o n  of regions of damage 

i n t e r i o r  t o  t h e  specimen i s  expected t o  occur with quasi-shear  waves. The 

azimuthal angle  of t h e  in t e r roga t ing  t ransducer  was adjusted t o  be 
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perpendicular  t o  t h e  selected f i b e r  o r i e n t a t i o n  of each scan. 

A 0 .5  inch diameter,  4 inch foca l  length  broadband t ransducer ,  nominally 

cen te red  a t  5 MHz, was used i n  pulse-echo mode a s  t h e  i n t e r r o g a t i n g  

t ransducer .  Approximately e i g h t  microseconds of backsca t t e r  from t h e  sample 

w e r e  gated i n t o  an analog spectrum analyzer .  The rece ived  spectrum a t  288 

f requencies  over t h e  range 2 t o  8 MHz was averaged and normalized t o  t h e  

frequency average of t h e  spectrum r e f l e c t e d  from a f l a t  s t a i n l e s s  steel 

p l a t e .  Thus t h e  numerical values  of t h e  po la r  backsca t t e r  repor ted  here  

r ep resen t  a q u a n t i t a t i v e  measure of t h e  broadband response of t h e  

i n t e r r o g a t e d  material. The broadband frequency average of t h e  backsca t t e r  

reduces e r r o r s  due t o  in t e r f e rence  e f f e c t s  i n  t h e  u l t r a s o n i c  f i e l d  and phase 

c a n c e l l a t i o n  a t  t h e  p i e z o e l e c t r i c  element of t h e  t ransducer[3,12] .  

Each scan was 6.1 cm. by 6.1 cm. corresponding t o  61 by 61 measurement 

loca t ions  with a spacing of 1 nun. The impact s i te  was approximately centered  

i n  t h e  region to be scanned. 

Data Reduction 

The u l t r a s o n i c  information contained i n  t h e  p o l a r  backsca t t e r  scans was 

Cast i n t o  gray s c a l e  image format. Examination of gray s c a l e  images provides  

q u a l i t a t i v e  information regarding the  shape and o r i e n t a t i o n  of damage 

s t r u c t u r e s .  An example of a gray sca l e  image based on q u a n t i t a t i v e  p o l a r  

backsca t t e r  i s  presented  i n  f i g u r e  3 .  The image i n  f i g u r e  3 is based on a 

p o l a r  backsca t t e r  scan of one impact s i te  with t h e  i n t e r r o g a t i n g  beam 

perpendicular  t o  t h e  +45O f i b e r  o r i en ta t ion .  ( W e  no te  t h a t  t h e  scan was 

performed from t h e  back r e s u l t i n g  i n  an apparent r e v e r s a l  of t h e  +45O and -45O 

d i r e c t i o n s . )  The d iscr imina t ion  l e v e l s  f o r  t h e  gray  s c a l e  w e r e  chosen so t h a t  

t h e r e  a r e  1 6  equa l ly  spaced gray l eve l s .  T h e  l ightest  l e v e l  corresponds t o  

backsca t t e r  less than  - 4 2 . 0  dB below t h a t  from a near  p e r f e c t  r e f l e c t o r ,  t h e  

da rkes t  l e v e l  t o  backsca t t e r  g rea t e r  than  -30.0 dB below t h a t  from a nea r ly  

p e r f e c t  r e f l e c t o r .  Although t h e  damage i s  ev ident ,  t h e  exac t  boundary of t h e  

damage zone is  b l u r r e d  by t h e  beam width of t h e  i n t e r r o g a t i n g  beam, which is  

8 



several pixels wide at low frequencies. 

Because the choice of discriminant levels can affect the qualitative 

aspects of a gray scale image, quantitative estimation of the area of damage 

based on a visual impression obtained from a gray scale image is often 

inaccurate. We have chosen a method which provides an unbiased estimate of 

the area of damage, based on the distributions of the measured polar 

backscatter values for undamaged and damaged zones. The damaged area shown in 

figure 3 is characterized by stronger scattering than the nominally undamaged 

regions. Figure 4 represents a histogram of the distribution of the polar 

backscatter displayed in the region of figure 3.  The higher scattering values 

corresponding to the zones of damage can be seen as the "tail" extending from 

approximately -37 dB. The area of damage is a small fraction of the total 

image area, so that most of the histogram represents the distribution of 

backscatter from essentially undamaged regions. We chose to approximate this 

background by a normal distribution, which was determined by least-squares 

techniques. The smooth dark line in figure 4 was generated from the 

least-squares parameters of the background distribution. An estimate of the 

area of damage was obtained by integrating the high scattering "tail" of the 

histogram and subtracting off the integral of the background distribution 

calculated over the same range of backscatter. 

The apparent area of damage was determined by this histogram subtraction 

technique for all 16 images. The histogram information was also used to 

select appropriate threshold levels for the generation of the bi-stable gray 

level images shown in figures 5 and 6. The choice of a bi-stable display was 

made to simplify comparison with the photographs of damage obtained by the 

deply technique. In each image, the darker level represents higher scatter, 

starting at the (approximate) lowest values corresponding to scatter from 

damage, as determined from the histogram information. 

Correlation of Results 

The polar backscatter measurements represent a superposition of scattering 
from damage in several similarly oriented layers, with attenuation from 
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intervening layers reducing the contributions from deeper layers. The deply 

technique provides information on damage at each interlaminar interface. We 

chose a subset of the deply technique information appropriate for correlation 

with the polar backscatter technique. Because we are testing the hypothesis 

that the polar backscatter technique is selectively sensitive to damage 

structures which are oriented perpendicular to the interrogating beam, the 

orientation of damage is the primary selection criterion for correlation. As 

an example, the polar backscatter scan of figure 3 clearly indicates damage 

oriented in the +45O direction, as expected from the angle of interrogation. 

This polar backscatter scan should therefore be correlated with interlaminar 

locations which the deply technique indicates has damaged zones oriented in 

the +4S0 direction. Inspection of figure 2 reveals four interlaminar 

locations which exhibit this damage orientation: locations 1,5,7, and 11. 

Although one might initially envision the superposition of the damage zones 

in these four interlaminar locations as the damage zone which could be 

corrplated with the polar backscatter technique, further consideration 

suggests that superposition may not be appropriate. The attenuation of 

quasi-shear waves in graphite-epoxy laminates can be substantial. Previous 

work from this laboratory[7] has shown that the polar backscatter technique 

in similar composite laminates is primarily sensitive to structures nearer 

the insonified surface. Thus, signals from damage farthest from the 

insonified surface such as that in interlaminar location 1 will be 

significantly attenuated. We also note that qualitative superposition of 

similarly oriented damage zones suggests that the zones overlap to a 

significant extent, so that the largest damage zone provides a good estimate 
of the superposition. Combining these two considerations with the fact that 

we interrogated from the back surface where damage is more extensive led us 

to the following simple correlation criterion. The polar backscatter scan of 

a given orientation was correlated with the deply information from the 

interlaminar location exhibiting the largest area of similarly oriented 

damage, as indicated in figure 2. Specifically, we chose to correlate the 

deply information from interlaminar location 11 with the +4S0 polar 

backscatter.image, interlaminar location 8 with the -45' polar backscattter , 

interlaminar location 9 with the 90' polar backscatter, and interlaminar 
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location 12 with the O'polar backscatter. 

The approximate size, shape and orientation of damage is qualitatively 

correlated in figures 5 and 6.  The area represented by each image in these 

figures is approximately 2.6 cm. by 3.7 cm. The scaling allows direct 

comparison between polar backscatter images and deply photographs. 

The left panel of figure 5 presents the polar backscatter image obtained 

with the interrogating ultrasound perpendicular to +45O fiber orientation. 

The right panel presents the corresponding deply photograph from interlaminar 

location 11 of that impact site. The damage visualized by both techniques is 

clearly oriented along the +4S0 direction, as defined from the top of the 

sample. (Both of these evaluation techniques are examining the specimen from 

the bottom, so that the +45O and the -45O orientations appear to be 

exchanged.) The shape and extent of damage in each panel are in good 

qualitative agreement. 

Figure 6 presents the three remaining orientations for this impact site. 

The top panels present the results of interrogating perpendicular to the -45O 

orientation and the corresponding deply photograph from interlaminar 9, and 

the lower panels 0 O and the interlaminar location 12. There is good 

qualitative agreement between polar backscatter and deply for the 

orientation, size, and general shape of the damaged regions. 

A quantitative correlation of these techniques can be obtained from the 

estimates of area. Figure 7 presents a correlation plot of the damage area as 

determined by polar backscatter versus the damage area determined by the 

deply technique. The linear correlation coefficient, calculated by including 

the error estimates shown in figure 7 is r=0.88. 

In summary, the size, shape, and orientation of damage correlates well 

between the polar backscatter technique and the deply technique. Further, 

there is good quantitative correlation between the areas of damage indicated 
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by t h e  two techniques.  These r e s u l t s  suggest t h a t  t h e  p o l a r  backsca t te r  

technique is s e n s i t i v e  t o  s p e c i f i c  o r i en ta t ions  of damage. T h e  po la r  

backsca t t e r  technique provides a good q u a l i t a t i v e  image of t he  s i z e  and shape 

of t h e  largest zone of damage i n  each of t h e  p r i n c i p a l  o r i en ta t ions .  A 

q u a n t i t a t i v e  es t imate  of t h e  ex ten t  of t hese  l a r g e s t  damage zones can be 

obtained from t h e  po la r  backsca t te r  technique. The s e l e c t i v e  s e n s i t i v i t y  of 

p o l a r  backsca t t e r  may thus  provide a use fu l  t o o l  f o r  f u r t h e r  s t u d i e s  of t h e  

mechanisms of impact damage i n  graphi te - f iber  re inforced  composite laminates.  

In c o n t r a s t  t o  t h e  previous sec t ion  where t h e  p o l a r  backsca t te red  wave was 

ga ted  i n t o  a spectrum analyzer,  i n  t h i s  procedure the  e n t i r e  normally 

inc iden t  wave i s  d i g i t i z e d  and s tored.  The e n t i r e  waveform describes t h e  

sample response a t  each loca t ion .  Conventional C-scan techniques provide a 

s i n g l e  value in t eg ra t ed  through t h e  th ickness  of t h e  ma te r i a l  response a t  a 

l oca t ion .  The d i g i t a l  record, on t h e  o t h e r  hand, determines t he  ma te r i a l  

response f o r  t h e  f u l l  t h r e e  dimensions of t he  sample. To analyze t h e  da ta ,  

s i g n a l  processing techniques are appl ied t o  t h e  d i g i t a l  record t o  develop an 

image from t h e  backsca t te r  s i g n a l  from impact generated delaminations a s  a 

func t ion  of t h e i r  depth i n  the  mater ia l .  A desc r ip t ion  of t he  experimental  

procedure w i l l  be followed by d e t a i l s  of t h e  s i g n a l  processing, da t a  

reduct ion and a comparison w i t h  t h e  deply method. 

The experimental  technique involves d i g i t i z i n g  the  e n t i r e  backsca t te red  

wave from t h e  sample. A focused damped t ransducer  w i t h  a cen te r  frequency of 

15 MHz was used a s  both t h e  t r ansmi t t e r  and rece iver .  A s i n g l e  cyc le  of a 15 

MHz s i n e  wave i s  used t o  e x c i t e  t he  t ransducer .  T h e  experiment is  performed 

i n  a water ba th  and the  backscat tered wave is  acquired a t  200 megasamples per  

second with an e i g h t  b i t  d i g i t i z e r  so a s  t o  include t h e  f r o n t ,  i n t e r n a l  and 

back su r face  r e f l e c t i o n s  from the  sample i n  a time record  of 1024 channels.  

T h e  t ransducer ,  held a t  normal incidence, i s  s tepped i n  an x-y p a t t e r n  over 

an a rea  of 4 x 4 cent imeters  w i t h  a 2 m i l l i m e t e r  s t e p s i z e  which is  on t he  

order  of t h e  beam spread. T h e  e n t i r e  scan t akes  approximately 15 minutes t o  

complete. This procedure i s  followed f o r  waves inc iden t  on both t h e  impacted 
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and back side of t h e  specimens. The da t a  is  s t o r e d  i n  a computer i n  t he  form 

of a 3 dimensional a r r a y  of x-y and time. I n  l a t e r  a n a l y s i s  t h i s  w i l l  a l low 

examination of a p a r t i c u l a r  depth i n  t h e  sample by sec t ion ing  t h e  a r r a y  a t  

the t i m e  corresponding t o  tha t  depth. 

Shown i n  f i g u r e  8a is  a typical backsca t t e r  s i g n a l  from an undamaged 

region of t h e  composite. The s i g n a l  is plotted as r e l a t i v e  amplitude versus  

time i n  units of 5 nS. The  f r o n t  (channel 200) and back (channel 500) 

s u r f a c e  r e f l e c t i o n s  a r e  q u i t e  evident.  Fur ther  process ing  of t h i s  s i g n a l  is  

necessary  t o  d e l i n e a t e  t h e  subsurface damage which c o n t r i b u t e s  t h a t  po r t ion  

of t h e  s i g n a l  t h a t  i s  contained between the  f r o n t  and back su r face  

r e f l e c t i o n s .  The  object of t h e  s i g n a l  processing i s  t o  determine the  m a t e r i a l  

response t o  t h e  u l t r a s o n i c  wave. The re turned  s i g n a l  is  a func t ion  of t h e  

m a t e r i a l  response and t h e  input  s igna l .  T h i s  is  shown schematical ly:  

where g ( t )  is  t h e  input  funct ion,  h ( t )  is  t h e  t r a n s f e r  func t ion  f o r  t h e  

m a t e r i a l  and f ( t )  i s  t h e  measured response. The func t iona l  r e l a t i o n s h i p  f o r  

a l i n e a r  t i m e  i n v a r i a n t  system is  given by: 

T h i s  convolution of t he  input  s i g n a l  and m a t e r i a l  response l eads  t o  t h e  

observed s i g n a l .  T h e  ma te r i a l  response independent of t he  input  s i g n a l  and 

system response is  the  quan t i ty  of i n t e r e s t  i n  eva lua t ing  t h e  ma te r i a l .  To 

achieve t h i s  r e s u l t ,  t h e  i n t e g r a l  equation can be solved by Four ie r  

t ransform techniques[ l5] .  T h e  p rope r t i e s  of Four i e r  t ransforms al lows one 

t o  r e w r i t e  t h e  equat ion i n  terms of t h e  frequency space Four i e r  t ransforms 

as a product:  
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Now c a l c u l a t i n g  t h e  r ec ip roca l  of g ( 0 )  t h e  material response i n  

frequency space can be determined. 

Taking t h e  inve r se  Four ie r  transform of t h i s  r a t i o  provides  t h e  

deconvolved m a t e r i a l  response i n  the  time domain. Before t ak ing  t h e  inve r se  

Four i e r  t ransform of h ( o )  t h e  r e s u l t  is f i l t e r e d  t o  remove l e a s t  

s i g n i f i c a n t  b i t  no i se  i n  t h e  da t a  which r e s u l t s  i n  unwanted high frequency 

no i se  con t r ibu t ions .  The f i l ter  employed i n  t h i s  a n a l y s i s  w a s  a band pass 

f i l t e r  w i t h  u n i t  ga in  from 5 t o  20 MHz and with side wings t h a t  r o l l e d  of f  

a s  a cos ine  func t ion  f o r  0 .5  MHz on each side. The Four i e r  t ransforms a r e  

a l l  determined by numerical Fas t  Fourier  Transform techniques.  Implicit i n  

the inpu t  func t ion  is  t h e  response of t h e  t o t a l  system as w e l l  a s  t h e  input  

wave form. The system response i s  determined by measuring t h e  r e f l e c t i o n  

from.an i d e a l  r e f l e c t o r  which i n  t h i s  case is  an aluminum block. T h e  

impedance d i f f e rence  between aluminum and t h e  composite was not  used t o  

renormalize t h e  system response s ince  w e  are only i n t e r e s t e d  i n  r e l a t i v e  

d i f f e r e n c e s  between damaged and undamaged ma te r i a l .  T h e  system response 

which corresponds t o  g ( t )  i s  shown i n  f i g u r e  8b and t h e  r e s u l t  of t h e  

deconvolution is  shown i n  f i g u r e  8c. From the d i s p l a y  i n  f i g u r e  8c t h e  

presence of subsurface scatterers is  quite evident  as compared t o  t h e  raw 

da ta  of f i g u r e  8a. 

To more accu ra t e ly  l o c a t e  these s c a t t e r e r s  i n  t h e  and thus  depth 

another  l e v e l  of s i g n a l  processing i s  necessary.  The output  of t h e  

deconvolution procedure is used a s  t h e  i npu t  t o  a c a l c u l a t i o n  of t h e  

a n a l y t i c  func t ion  and f i n a l l y  its magnitude. T h e  magnitude of t h e  a n a l y t i c  

func t ion  has been shown t o  be equal t o  t h e  rate of a r r i v a l  of t h e  energy of 

t he  wave [161. It should be noted t h a t  t h e  energy a s  measured here is  f o r  

t he  as received wave and does not  co r rec t  f o r  phase c a n c e l l a t i o n  effects at 

t h e  f ace  of t h e  t ransducer .  The form of t h e  a n a l y t i c  func t ion  f o r  t h e  

backsca t te red  u l t r a s o n i c  wave is determined by t a k i n g  t h e  Hilbert t ransform 

of t h e  deconvolution h ( t ) .  This provides t h e  imaginary p a r t  of t h e  a n a l y t i c  
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func t ion .  The f u l l  complex a n a l y t i c  func t ion  can be w r i t t e n  as: 

h g ( t ) = h ( t )  + i H [ h ( t ) l  

where h ( t )  is t h e  r e s u l t  of t h e  deconvolution and H [ h ( t ) I  i s  t h e  H i l b e r t  

t ransform of t h e  s igna l .  

T h e  H i l b e r t  t ransform i s  equivalent  t o  t h e  convolution of t h e  signal 

w i t h  t h e  ke rne l  l / (z t )  and techniques f o r  c a l c u l a t i n g  t h e  a n a l y t i c  func t ion  

from t h e  o r i g i n a l  signal are w e l l  documented [17].  Using complex Four ie r  

t ransforms t h e  material response i n  t i m e  space is  Four ie r  transformed t o  

frequency space where a l l  t h e  negative f requencies  a r e  zeroed before  t ak ing  

t h e  inve r se  Four ie r  transform. This r e s u l t  i s  equiva len t  t o  t h e  a n a l y t i c  

form of t h e  s i g n a l .  The  magnitude of t h e  a n a l y t i c  func t ion  i s  then  formed 

from t h e  square root  of t he  sum of t h e  squares  of t h e  real and imaginary 

p a r t s  of t h e  func t ion .  

T h e  r e s u l t s  from t h i s  two s t e p  s i g n a l  process ing  are seen i n  f i g u r e s  9a 

f o r  an undamaged and 9b f o r  a damaged composite. The record of f i g u r e  9a i s  

t h e  r e s u l t  of c a l c u l a t i n g  t h e  magnitude of t h e  a n a l y t i c  func t ion  determined 

from t h e  r e s u l t  of t h e  deconvolution shown i n  f i g u r e  8c. T h e  advantages t o  

t h i s  r e s u l t  a r e  t h a t  now s c a t t e r e r s  a r e  w e l l  l o c a l i z e d  i n  t i m e  and t h u s  

depth,  a l s o  t h e  s i g n a l  is unipolar  which w i l l  f a c i l i t a t e  easy  

i n t e r p r e t a t i o n  of t h e  d a t a .  T h e  l a rge  subsurface s c a t t e r  i n  f i g u r e  9b  a t  

channel 480 is  w e l l  ev ident  and corresponds t o  a s i g n a l  from a delamination 

a t  ILL 5 wi th in  t h e  sample ( t h e  s h i f t  i n  time scale from t h a t  of t h e  

observed s i g n a l  is  an a r t i f a c t  of t h e  s i g n a l  p rocess ing ) .  A s i g n a l  a t  t h e  

same l o c a t i o n  i n  time i s  a l s o  evident i n  f i g u r e  9a. I n  t h e  same manner t he  

o the r  i n t e r n a l  s c a t t e r i n g  peaks i n  f i g u r e  9a can be i d e n t i f i e d  i n  r e l a t i o n  

t o  t h e  p l y  l o c a t i o n s  of t h e  sample. T h e  numbers inden t i fy ing  t h e  peaks 

correspond t o  t h e  probable in te r laminar  l oca t ions .  Thus, t h i s  a n a l y s i s  
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r e so lves  not  only subsurface s c a t t e r e r s  bu t  may a l s o  reso lve  ind iv idua l  

lamina i n  an undamaged ma te r i a l .  The fol lowing d iscuss ion  concent ra tes  on 

imaging impact delamination damage. 

Although t h e  damage a t  one x-y loca t ion  is  r e a d i l y  i d e n t i f i e d  i n  f i g u r e  

9b ,it would be quite ted ious  t o  examine a l l  400 records manually and c r o s s  

c o r r e l a t e  s i g n a l  s t r e n g t h  with depth t o  provide a t h r e e  dimensional view of 

t h e  impact damage. A method which can dynamically provide t h i s  a n a l y s i s  has 

been developed with t h e  use  of a image analyzer .  The image ana lyzer  

d i s p l a y s  a two dimensional a r r a y  of pixels on a r a s t e r  type CRT. Each pixel 

i n  t h e  a r r a y  is sca l ed  over 8 b i t s  g iv ing  a range of values  from 0 t o  255 

which a r e  d isp layed  as shades of gray. This  mode of d i sp l ay  i s  q u i t e  common 

f o r  C-scans where each sample pos i t i on  is designated by a va lue  of t h e  

r e l a t i v e  a t t enua t ion  a t  t h a t  po in t  scaled by t h e  b i t  r e s o l u t i o n  of t h e  

image analyzer .  The analyzed s i g n a l  forms a t h r e e  dimensional a r r a y  i n  x-y 

and t i m e  and t h e  image analyzer  provides a means of dynamically viewing 

t h i s  d a t a .  Time slices a r e  taken of t h e  a r r a y  f o r  each channel ( 5 nS per 

channel which equals  0.0165 mn ) and each slice is a 20x20 a r r a y  of t h e  

amplitude of t h e  processed s i g n a l  a t  t h a t  channel (dep th ) .  The slices i n  

t i m e  and thus  depth a r e  displayed sequen t i a l ly  on t h e  image ana lyzer  a t  any 

speed per frame t h a t  i s  convenient. These frames form a movie i n  t i m e  which 

is  equiva len t  t o  viewing t h e  backsca t te r  from t h e  composite i n  pseudo r e a l  

t i m e  as i f  one where "f lying" through t h e  composite. This movie can be 

f rozen  or run forward and backward i n  time. 

A c r i t e r i o n  f o r  determining t h e  t o t a l  damage a t  each frame and t h u s  

depth can be i d e n t i f i e d .  Since t h e  t ransducer  w a s  k e p t  p a r a l l e l  t o  t h e  

composite, t h e  r e l a t i v e  phase between s c a t t e r e r s  a t  t h e  same depth is  

approximately zero and a w e l l  imaged backsca t t e r  r e t u r n  f o r  damage is  w e l l  

above t h e  background s c a t t e r s  such a s  t h e  ind iv idua l  p lys .  This is  

i l l u s t r a t e d  here  by a comparison of f i g u r e s  9a and 9b. The s i z e  of t h e  

s c a t t e r e r  i d e n t i f i e d  a t  channel 480 i n  f i g u r e  9b i s  w e l l  above t h e  

Corresponding s c a t t e r i n g  s i g n a l  a t  channel 480  i n  f i g u r e  9a. W e  a r r i v e  a t  

an e s t ima te -o f  t h e  damage area  a s  a func t ion  of depth i n  t h e  material by 

process ing  t h e  da t a  t o  image j u s t  t h e  damage of i n t e r e s t .  The a r e a  of t h e  
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damage a t  each depth is much less than t h e  e n t i r e  frame area so t h a t  t h e  

image d i s t r i b u t i o n  is centered  about t h e  average background value of 

s c a t t e r e r s .  The backsca t te r  from delaminations is w e l l  above t h i s  

background l e v e l .  A s t a t i s t i c a l  ana lys i s  of each frame is  a means of 

determining t h e  t o t a l  a r ea  of damage. T h i s  was accomplished by c a l c u l a t i n g  

t h e  s tandard  dev ia t ion  of t he  amplitude d i s t r i b u t i o n  of t h e  e n t i r e  20x20 

a r r a y  f o r  each frame i n  t h e  movie. Shown i n  f i g u r e  1 0  is  t h e  d i s t r i b u t i o n  

of s c a t t e r i n g  amplitudes f o r  t h e  e n t i r e  frame and a subsampled region which 

con ta ins  no impact delaminations.  The d i s t r i b u t i o n  f o r  an e n t i r e  frame is  

seen t o  extend t o  l a r g e  values  whereas the  undamaged region exhibits a 

sharp c u t o f f .  For the  purpose of t h i s  a n a l y s i s  a s tandard  2 0  g r e a t e r  than  

t h e  median va lue  (p) of t h e  d i s t r i b u t i o n  was taken as  t h e  lower l i m i t  f o r  

i nc lus ion  i n  t h e  damage area .  These values  a r e  i n d i c a t e d  on t h e  graph. Thus 

f o r  each frame every p i x e l  value tha t  was g r e a t e r  o r  equal  t o  p+20 w a s  

included i n  t h e  damage a rea  ca l cu la t ion  fo r  t h a t  frame. T h i s  c r i t e r i o n  i s  

conserva t ive  and f o r  an automatic t e s t i n g  procedure opt imiza t ion  of t h e  c u t  

o f f  va lue  would be of i n t e r e s t .  

Shown i n  f i g u r e  11 is t h e  comparison between t h e  deply  r e s u l t s  and the  

u l t r a s o n i c  r e s u l t s  f o r  one of the  impact samples w i t h  a l l  12 p o s s i b l e  

in t e r l amina r  l oca t ions .  T h e  t o p  l abe l  corresponds t o  t h e  in te laminar  

l o c a t i o n .  T h e  u l t r a s o n i c  da t a  is from t h e  frame t h a t  corresponds t o  t h e  

same depth f o r  t h e  deply  da t a .  The gray s c a l e  images, f i g u r e  l l a ,  have been 

h igh l igh ted  t o  show t h e  a rea  which m e e t s  t h e  s t a t i s t i c a l  c r i t e r i o n ,  w h i l e  

t h e  three dimensional w i r e  p l o t s ,  f i gu re  l l c ,  i l l u s t r a t e  t h e  r e l a t i v e  

s i g n a l  t o  no i se  contained i n  t h e  gray scale d i s p l a y  of f i g u r e  l l a  before  

c l ipp ing .  The deply r e s u l t s  f o r  the  same I L L  is shown i n  f i g u r e  l l b .  T h e  

d a t a  f o r  ILL 7 through 12 is  from in t e r roga t ion  of the  back side of t h e  

sample. 

Correlat ion of Resul t s  

A comparison of the delamination a rea  determined by t h e  deply  and 

Ul t rasonic  techniques i s  shown i n  f igu res  12 and 13. The d a t a  f o r  a l l  four  
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impact points and all possible (12 for each sample) interlaminar locations 

are included in these plots. The line shown in figure 13 is a least square 

fit to the data with a correlation coefficient of 0.90. The data suggest a 

trend related to the measurement technique. The front locations one through 
three tend to larger values for the ultrasonic technique than the deply 

technique. This discrepancy may be due to actual larger damage area that 

because of lack of microscopic channels the gold chloride solution did not 

penetrate. The explanation may also be in the fact that it is difficult to 

resolve the backscatter from the first ILL and the front surface (this also 

applies to ILL 12). The ILL of four through eleven tend to lower ultrasonic 

determined areas then the deply measurement. This is due mainly to 

shadowing of underlying delaminations by preceding damage. A comparison of 

gold chloride data of figure llb. with that of the wire plots of figure llc 

and the gray scale images of figure lla shows that whereas, there is 

central damage in each layer shown, the ultrasonic data shows no 

backscatter signal in the central region. This shadowing tends to lead to 

an underestimation of total damage area. 

In summary, the correlation between the two techniques can be 

considered very good both qualitatively and quantitatively. The data 

reveals a characteristic dumbbell shape that is very evident in the deply 

data as well as the gray scale of the magnitude of the analytic function 

from ultrasonic inspection (figure 11). These shapes have an axis of 

symmetry coaxial with fiber direction of the underlying lamina (away from 

the direction of impact) at the interlaminar location. In the movie format 

viewed at a few frames per second the shapes are easily resolved and their 

shift with fiber orientation is easily observed. Lastly, the technique can 

provide through the thickness information on the ply lay-up and damage. 

The two ultrasonic techniques both exhibit advantages in their 

respective uses. The polar backscatter technique is very sensitive to the 

ply orientation, and has use in not only damage detection but verification 
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of ply layup. The digitization technique provides through the thickness 

damage information and the spacing between lamina in undamaged regions. In 

conclusion, we have presented nondestructive evaluation techniques which 

are in good quantitative agreement with an exact destructive technique. The 

ultrasonic methods provide through the thickness information on damage and 

require access to a single side of the material. The deply technique though 

destructive gives exact information on the actual damage and is important 

as a tool for understanding the impact damage dynamics. 
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1. Example of photograph of the gold deposited at a damage site. 

2. Area of damage at the interlaminar locations. The underlying ply 

orientation is noted. The impacted surface is adjacent to ILL 1. 

3. Example of a gray scale image of a full 61 mm by 61 mm polar backscatter 

scan, interrogating perpendicular to the +4S00rientation. The damage 

structure is oriented along the +4S0 direction. 

4 .  Histogram of the quantitative backscatter values from the polar 

backscatter scan presented in figure 3 .  The bin size was 0.1 dB. The 

heavy smooth line represents a normal distribution fit to the background. 
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5. Comparison of apparent zones of damage imaged by t h e  po la r  backsca t t e r  

technique ( l e f t  panel)  with t h e  photograph of damage i n d i c a t i o n  from t h e  

deply technique. Or ien ta t ion  f o  t h e  damage is  along t h e  +4S0 d i r e c t i o n ,  

as def ined  from t h e  f r o n t  (impacted side). 

6. Comparison of apparent zones of damage as imaged by t h e  p o l a r  backsca t t e r  

technique ( l e f t  panels)  with photographs of damage i n d i c a t i o n  from t h e  

deply technique ( r i g h t  pane ls ) .  (a) -45O o r i e n t a t i o n :  ILL  8 .  (b) 90° 

o r i n e t a t i o n :  ILL 9. (c) 0' or i en ta t ion :  ILL 12. 

7 .  Cor re l a t ion  of damage a r e a s  estimated from t h e  p o l a r  backsca t t e r  with 

corresponding damage a r e a s  derived from t h e  deply technique. 

8a. Backscat ter  s i g n a l  from an undamaged region of t h e  composite. 

8b. System response measured as t h e  backsca t te red  wave from an aluminum 

block. 

8c. Resul t  of t h e  Four ie r  deconvolution of f i g u r e  8a. 

9a. Magnitude of t h e  a n a l y t i c  funct ion c a l c u l a t e d  from f i g u r e  8c.  I d e n t i f i e d  

a r e  t h e  f r o n t  and back surface r e f l e c t i o n s  and t h e  lamina i n d i c a t i o n s  a s  

noted. 

9b.  Magnitude of t h e  a n a l y t i c  funct ion f o r  a backsca t te red  wave i n  t h e  

damaged region of t h e  composite. 

10. D i s t r i b u t i o n  of s c a t t e r i n g  amplitudes f o r  an e n t i r e  frame and a 

subsampled region which contains  no damage. 
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I 

11. Comparison of ultrasonic and deply techniques for the twelve possible 

interlaminar locations. (a) ultrasonic data frame.(b) photo of 

corresponding damage imaged by deply technique. 

part *ar before frame is clipped. 

(c) wire frame plot of 

12. Histogram comparison of ultrasonic and deply data for all four impact 

samples. 

13. Correlation of ultrasonic and deply data. Line is a least square fit to 

the data and has correlation coefficent of 0 . 9 .  
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F i g u r e 3  - Example of a gray s c a l e  image of a f u l l  61 m a  by 61 llpp 
polar backsoatter scan, interrogating perpendicular t o  the  +4S0 
orientat ion.  The damage structure is oriented along the  +45O 
direc t ion .  
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8 

Polar Bacbuttcr Z u g t  Deply Pbotograph of Interlaminar 
Location 11-12 

Figure 5 - Comparison of apparent Zone6 of dausge imaged by the 
polar backrcatter technique ( l e f t  panel) with photograph of dam- 
age indicat ion fron the  d e p l y  technique. 
age i s  along the  +4So direct ion.  LS defined from the f ront  
(impacted) s ide .  

Orientet icn of the  d a w  



Polar Backscatter h g e '  &ply Photographs 

a) +so orientation : Interlaminar Location B-0 

b) 90' orientation : Intcrlaniinar Location 9-10 

c )  0' o r i e s t a t i o n  : Ir . rer ia=kar  L c c s t i c n  12-13 

F i g u r e  6 - C o z p a r k o n  of apparent tcnes  cf ~ E = E ~ E  8 s  icaged by 
the p o l a r  backscatter technique ( l e f t  panels) w i t h  photographs of 
&=age ind ica t ion  f rm the  deply tectr ique  ( r 5 g h t  pane l s ) .  
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